1 1. Kelp species are ecosystem engineers in temperate coasts, where they provide valuable 2 services to humans. Evidence of the declines of kelp forests exists from several regions, but 3 their effects on fisheries still need to be elucidated. More effective management strategies for 4 sustainable fisheries require a synthesis of research findings and an assessment of how research 5 could be improved to fill current gaps. 6 2. This review aims to: (i) summarize the available evidence on the influence of changes 7 in kelp density and/or area on the abundance and diversity of associated fisheries; and (ii) 8 examine how research on kelp-fisheries interactions could better support effective 9 management. 10 3. Most studies (67%) reported data ascribable, directly or indirectly, to a positive 11 relationship between kelp and fishery-relevant variables, 11% provided evidence of a negative 12 relationship, 15% indicated species-specific findings and the remaining found unclear or 13 'neutral' relationships. 14 4. Important shortcomings were identified, including the paucity of experimental studies 15 suitable to test for unequivocal cause-effect relationships, the disproportion between North 16
Introduction 37
There is evidence of global and local declines of populations of many marine species due 38 to the direct and indirect effects of human exploitation ( 2003; Worm et al. 2006) . As a consequence, the implementation of ecosystem-based strategies, 41 such as those examining links between the availability of habitats and fishery yield (Link et al. 42 2011; McClanahan et al. 2011 ), for the sustainable management of fisheries is a major concern 43 for ecologists, policymakers and the general public. Coastal habitats, in particular, are subject 44 to a range of anthropogenic disturbances acting across a range of scales (Kemp et al. 2005; 45 where kelp species occur close to the limits of their distribution, climate change (Steneck et al. 79 2002; Smale et al. 2013; Brodie et al. 2014 ). On the contrary, the potential impact of changes 80 in the density and overall extent of kelp forests on fishery yields is still poorly known. The 81 available data on the importance of European kelp forests for the functioning of coastal 82 ecosystems are much more fragmented and limited compared to those from other regions, such 83
as North America (Steneck et al. 2002; Smale et al. 2013) . 84
Nevertheless, assessing and understanding links between patterns of distribution and 85 abundance of kelps and populations of commercially exploited species are needed to support 86 fisheries policies under the framework of several directives taking into account the 87 conservation of marine habitats. This is the case, in particular, for the Marine Strategy 88 The search produced almost 5000 unique references that were screened for inclusion in 136 the review according to a two-step process. This first focused only on the title of each study, 137 the second on the abstract of those which had passed the first screening. As a control for the 138 quality of the selection, a final step was performed by two independent expert reviewers who 139 examined the full text of a randomly chosen subset of selected papers. The details of the 140 adopted procedure are illustrated in Appendix S2. 141
The review was aimed at synthesizing references addressing the following questions: (i) 142 what is the available evidence for the influence of changes in kelp forest density and/or area on 143 the abundance and diversity of associated fisheries? (ii) how could research on kelp-fisheries 144
interactions be improved to better support effective management? 145
Four categories of quality of evidence were taken into account (modified from Pullin & 146 (Appendix S3) were retained as suitable to link patterns of the presence and  158 abundance of kelp with patterns of presence and abundance of fishery-exploited, or exploitable, 159 species of fish or invertebrates. Most of these studies (59 out of 62) were fully or partially 160 based on a descriptive or manipulative experimental approach involving the collection of field 161 data, while the remaining three involved a manipulative laboratory experiment, the 162 development of habitat/lobster distribution models (based on empirical field data) and a meta-163 analysis of data from several previous studies, respectively. 164
STUDY SPECIES AND LOCATIONS 166
The most commonly examined kelp species were the giant kelp Macrocystis pyrifera 167 (Linnaeus) C. Agardh, the leather kelp Ecklonia radiata (C. Agardh) J. Agardh and the bull 168 kelp Nereocystis luetkeana (K. Mertens) Postels & Ruprecht, collectively appearing in 43 out 169 of 62 studies, while 9 species were the focus of a single study. Five studies reported kelp 170 organisms identified only at the genus level, while one referred just generically to 'kelp' and 171 one defined the examined species as "kelp Laminaria vesiculosus", which was impossible to 172 match unequivocally with any taxonomically accepted name. Of the 22 identified species 173 included in this review, 16 were perennial and 6 annual (Table 1) . 174
Patterns of abundance and/or distribution of kelp could be related to fishery-relevant 175 variables of one or more commercially valuable fish species in 77% of studies and 176 invertebrates in 23% of studies, including a single study focusing on both fish and crustacean 177 species (Fig. 1A) . 178
The largest proportion of studies was carried out in North America (50%), followed by 179 Oceania (26%), South America (13%), Europe (8%) and Asia (3%) ( Table 1) The remaining studies were aimed at addressing more specific issues, such as differences 201 in the effects of the identity of kelp on associated organisms (5 cases), the analysis of stomach 202 content of fishes from sites differing in the abundance of kelp (2 cases) and the collection of 203 acoustic data to identify the preferred spawning grounds of fishes (1 case). Finally, one study 204 reported a meta-analysis of data from previous investigations on possible relationships between 205 habitat types (including different habitat-forming organisms) and fish catches. 206
As expected, according to the variety of addressed issues, sampling procedures, 207 predictive and response variables, a large range of spatial and temporal scales were 208
represented. In terms of spatial extent, a few studies (5%) were performed over the scale of 209 metres to 10s of metres, while a few more (6%) involved scales of 1000s km. Most papers 210 reported studies performed over the intermediate scales of 100s m to some kilometres and of 211 10s km to 100s km (39% and 41%, respectively). In the remaining studies, the spatial extent 212 was not clearly indicated or was not relevant for their particular goals (Fig. 1C ). In terms of 213 temporal extent, 11% of the studies included just a single collection of data, while all the others 214 were based on samplings replicated at multiple times, although with very different sampling 215 frequency. Most of these (55% of all included in the review) spanned a period of about one 216
year (23 studies) or less (from about 1 month or less, to 3 months, to 5-6 months, with, 217 respectively, four, five and two studies). Within the rest, 16% (of all) covered up to 3 years, 9% 218 between 3 and 5 years, 8% between 5 and 10 years and only three studies (5%) spanned 219 between 18 and 20 years (Fig. 1D ). The classification of each reviewed study to the categories 220 illustrated in Fig. 1 is summarized in Appendix S4. 221
DOCUMENTED KELP-FISHERIES RELATIONSHIPS 223
Kelp-related variables were examined in 58% of the cases focusing on changes in 224 abundances (e.g. kelp density or area), while the remaining 42% of studies focused more 225 generally on variations of the type of habitat (e.g. kelp presence vs. absence or kelp vs. other 226 habitat-forming organisms). In general, however, most (66%) of the studies reported data that 227 could be directly or indirectly associated to a positive relationship between kelp traits and 228 fishery-relevant variables, while 11% provided evidence of negative relationships and 8% 229 opposite findings depending on the species involved. A small proportion of studies indicated findings or just species-specific differences in the effects of the kelp's identity (6% each) ( Fig.  232 2). 233
Among the studies indicating positive kelp-fisheries relationships, the majority (31% of 234 the total 62) reported general increases in the abundance or the presence of adults of one or 235 more species of fish associated with kelp. A smaller proportion (11%) documented positive 236 responses of earlier stages, including increases of kelp-associated recruits and juveniles (10%) 237 and kelp beds as preferred spawning areas (1%). An overall increase of the species diversity of 238 fish assemblages in kelp habitats was reported by 6% of the studies. Only two studies showed 239 positive effects of kelp as a source of food for fish, while a single study suggested that the 240 mortality of a fish species typically associated with kelp can be reduced by the structural refuge 241 against its predators provided by the canopy. A positive response of commercially valuable 242 crustaceans to the presence or abundance of kelp was indicated by 6% of the studies, including 243 three cases where the response variable was the abundance of lobsters and one where it was the 244 market landing of decapods. Two studies showed that harvestable quantities of gastropods (i.e. 245 abalone of commercial size) could be obtained only in kelp beds and not in barren habitats, 246 while two other studies documented relatively larger abundances, sizes and gonad weights of 247 sea urchins from kelp forests ( Fig. 2) . 248 A negative relationship between kelp and the abundance or the presence of fishes was 249 reported by 11% of studies, including one case where the examined kelp species (Undaria 250 pinnatifida) was invasive at that location. The abundance of exploited invertebrates was 251 negatively related to the abundance or presence of kelp in two cases, one involving sea urchins 252 and one abalones (Fig. 2) . 253
In 15% of the studies, species-specific findings were documented (Fig. 2) , including five 254 cases where some fish species were less abundant in kelp than in other habitats (i.e. eelgrass 255 beds or barren areas), while other species showed the opposite pattern, and four cases where 256 different species of kelp determined different effects on the density and/or size of lobsters, 257 crabs, both sea urchins and abalones and abalones alone (one study each). 258
Finally, kelp-fishery issues were explicitly or implicitly addressed by the remaining 5% 259 of studies, but no or not unequivocal relationships could be identified (Fig. 2 ). These included: 260 one example where the distribution of lobsters was unaffected by the presence of kelp; one 261 where invertebrates (mussels and limpets) were relatively more abundant inside, while others 262 (sea urchins) were more abundant outside kelp beds, but most of the variability occurred in 263 space and time independently of kelp; one where commercially valuable fishes were more 264 abundant at 'no kelp' than at 'kelp' sites, but such sites were themselves spatially segregated 265 over a regional scale. 266
The classification category of each reviewed study illustrated in The association of juvenile stages of fish species to kelp beds, however, was generally 305 positive, as observed for gadoids whose abundance was much larger in kelp unharvested areas 306 compared to harvested areas (Lorentsen et al. 2010 ). This response can be primarily driven by kelp canopy, juvenile fish become an easy target for predators (Lorentsen et al. 2004) . 309
The positive association between the abundance of lobsters and other decapod 310 crustaceans is particularly important due to the large market value and existing local fisheries 311 of these animals. The importance of Laminaria beds as habitat for the American lobster 312 This review highlights the need for a spatial and temporal expansion of research in order 406 to increase knowledge in relatively less known regions where kelp species are common and 407 fishing activities intense and to include temporal scales more comparable to those of relevant 408 global processes. This is the case, for example, in Europe, where several kelp species coexist in 409 the north-east Atlantic, some of which are at the limit of their range of distribution (e.g. Smale 410 Analogously, kelps are common along the coasts of South Africa, but no case studies suitable 414 to show their possible relationships with local fisheries could be found. 415
The widely reported positive relationship between the presence and density of kelp 416 forests and fisheries has important management implications. In general, the complex range of 417 involved abiotic and biological interactions calls for an ecosystem-based approach to kelp-418 fisheries systems not yet implemented as needed (Garcia et al. 2003; EC 2008) . This would 419 require that effective management actions were based not only on assessments of the target 420 species, but also on other components and functions of the whole ecosystem to which they 421 belong. This approach would facilitate sustainable management not just of the specific resource 422 under examination, but also of the processes responsible for its variations independently, or in 423 addition to, the direct impact of fishing activities. In practice, there is evidence, for example, 424 that the restoration of kelp forests has the potential to drastically increase the production of 425 local fisheries, representing a valuable tool for ecosystem-based management (Claisse et al. Table 1 . Kelp species (or higher taxonomic groups when not identified) and locations (number of studies in each location in parentheses) that were the focus of the studies included in the present review. Each species listed with its current taxonomically accepted name, even if originally reported with a synonym. Note that several studies included more than one species. Type of life cycle (A: annual; P: perennial) indicated only for identified species
Species
No. of studies Location Life cycle
Macrocystis pyrifera 25
Argentina (1), Australia (1), California (15), Chile (5), New Zealand (2), Washington (1) P 
